The term industrial ecology was conceived to suggest that industrial activity can be thought of and approached in much the same way as a biological ecosystem and that in its ideal form it would strive toward integration of activities and cyclization of resources, as do natural ecosystems. Beyond this attractive but fuzzy notion, little has been done to explore the usefulness of the analogy. This paper examines the structural framework of biological ecology and the tools used for its study, and it demonstrates that many aspects of biological organisms and ecosystems (for example, food webs, engineering activities, community development) do have parallels in industrial organisms and ecosystems. Some of the tools of biological ecology appear to be applicable to industrial ecology, and vice versa. In a world in which no biological ecosystem is free of human influence and no industrial ecosystem is free of biological influence, it is appropriate to abandon the artificial division between the two frameworks and develop a new synthesis-Earth system ecology-as the logical construct for all of Earth's ecosystems.
BIOLOGICAL AND INDUSTRIAL ECOLOGY

Introducing the Concepts
In 1958, CD Keeling of the Scripps Institution of Oceanography in California began to monitor the concentrations of atmospheric carbon dioxide at Mauna Loa, Hawaii (1) . As he had anticipated, the data, acquired with excruciating slowness and with exacting demands for rigor, demonstrated the annual cycle of photosynthesis and respiration of Earth's vegetation. They showed something else as well: an inexorable year-to-year rise in concentration of carbon dioxide, mimicking the pattern of global use of fossil fuels. It was thus obvious that humanity's activities were changing the planet, not just locally, but globally.
Over the past decade, the fact that the increase in carbon dioxide is not a unique situation has become apparent. The ozone hole, toxic landfills, and heavy metals in fish all point to a society whose actions have begun to overwhelm the planet's ability to compensate. Clearly, such a trend is ultimately unsustainable.
In response to these concerns, the past few years have seen the rise of a new paradigm termed industrial ecology (IE), dedicated to the goal that the planet should be developed in such a way as to be sustainable. The use of the word ecology is meant to imply that one should conserve and reuse resources, as is the practice of biological systems (e.g. 2) .
A working definition of biological ecology (BE) is that it is the study of the distribution and abundance of organisms and of the interactions and flows of resources among them. Along the same lines, IE has been defined as follows (3, p. 9 
):
Industrial ecology is the study of the means by which humanity can deliberately and rationally approach and maintain a desirable carrying capacity, given continued economic, cultural, and technological evolution. The concept requires that an industrial system be viewed not in isolation from its surrounding systems, but in concert with them. It is a systems view in which one seeks to optimize the total materials cycle from virgin material, to finished material, to component, to product, to obsolete product, and to ultimate disposal. Annu IE has proven over the past several years to be an appealing analogy because it encourages the idea of the cycling (that is, the reuse) of materials. Indeed, that is as far as the analogy has generally been taken. The purpose of this paper is to explore the biological analogy in increased depth, with the idea that it holds more value than just the cyclization of resources. But, how much more?
A Sketch of Biological Ecology
The elementary unit of study in BE is the organism, which in the dictionary is defined as "an entity internally organized to maintain vital activities." Organisms share several characteristics, broadly defined, and it is instructive to list and comment on some of them.
1. A biological organism is capable of independent activity. Although biological organisms vary greatly in degree of independence, all can take actions on their own behalf.
2. A biological organism utilizes energy and materials resources. Biological organisms expend energy to transform materials into new forms suitable for use.
3. A biological organism releases waste heat and materials residues. Excess energy is released by biological organisms into the surroundings, as are materials residues (feces, urine, expelled breath, etc).
4.
A biological organism is capable of reproduction. Biological organisms are all able to reproduce their own kind, though the lifetimes and number of offspring vary enormously.
5.
A biological organism responds to external stimuli. Biological organisms relate readily to such factors as temperature, humidity, resource availability, potential reproductive partners, and so on.
6. All multicellular organisms originate as one cell and move through stages of growth. This characteristic is commonly recognized in every living being from moths to humans (see, for example, Shakespeare's famous "ages of man" speech in As You Like It).
7.
A biological organism has a finite lifetime. Unlike some physical systems such as Precambrian igneous and metamorphic rocks, which for most purposes can be regarded as having unconstrained existence, biological organisms generally have variable, but finite, lifetimes.
A key characteristic of biological organisms is their use of resources. Ricklefs (4) has discussed the way in which resources of energy and materials are partitioned ( Figure 1a ): some for respiration, some for growth and reproduction, some for excretion and egestion. The energy used for respiration is needed to maintain the organism, but it is expended in work or heat and is lost to the organism and its ecosystem, as is the energy used and discarded in excretion and egestion. Only a fraction of the resources, perhaps 30 or 40%, is used for growth.
Specialists in physiology and bacteriology study the characteristics of organisms, but ecologists study organisms in context, in the physical environments within which they exist. Thus, the ecologist measures the responses of organisms to the availability of energy and materials, to climate, to variations in the local environment, and so forth. These considerations inevitably bring into play the concepts of conservation of mass, conservation of energy, and conservation of resources, and their study adds a theoretical foundation to the study of how an organism manages its needs.
Organisms are not, of course, isolated from one another. They are influenced by others of their kind and organisms of other kinds, as well as by their surroundings. The study not of single organisms but of populations of them is termed population ecology, and the combinations of the populations, their dynamics, and their physical environments are termed ecosystems. Typical topics involved in population ecology studies are population growth, population regulation, competition, and cycles.
Earth's organisms have not, of course, remained unchanged over their existence, but have evolved in response to new environmental and biotic challenges. The method by which these transformations are accomplished is another of BE's central topics: evolutionary ecology, the study of changing ecosystem characteristics over time.
A final topic of BE that justifies mention here is community ecology, the study of interacting populations. Through the study of community dynamics, the cyclization of resources can be examined in detail, often revealing how organisms exploit highly specific niches in their quest for survival, growth, and reproductive success.
BE is thus a progression of interrelated topics: the organism itself in the context of its physical environment, populations of organisms, and communities formed by the interactions of many diverse actors. Underlying this progression is biological evolution, the selection of traits that will foster reproductive success. Above all, BE is the study of evolutionarily driven interrelationships.
A Sketch of Industrial Ecology
Practitioners of IE interpret the word industry very broadly: It is intended to represent the sum total of human activity, encompassing mining, manufacturing, agriculture, construction, energy generation and utilization, transportation, product use, and waste disposal. IE is not limited to the domain within the factory walls, but extends to all the impacts on the planet resulting from the presence and actions of human beings. IE thus encompasses society's use of resources of all kinds.
IE may focus on the study of individual products and their environmental impacts at different stages in their life cycles, but a complementary perspective is the study of a facility where products are made. In such a facility, raw materials, processed materials, and perhaps finished components produced by others are the input streams, along with energy. The emergent streams are the product itself; residues to land, water, and air; and energy residues, such as heat and noise. The IE approach to such a facility treats the budgets and cycles of the input and output streams, and it seeks to devise ways in which smaller portions of the residues are lost and more are retained and recycled into the facility itself or into the facilities of others. Key concepts include conservation of mass (all material must be accounted for); conservation of energy (all energy must be accounted for); and the technological arrow of time-the realization that as society becomes more technologically advanced it builds on its past technological base and so cannot sustain or improve itself without strong reliance on technology.
The word "organism" is not used only to refer to living things. A second definition is "anything that is analogous in structure and function to a living thing." Hence, we speak of "social organisms" and the like. But what about industrial activity; does it have entities that meet the definition? To make such a determination, let us select a candidate organism-the factory (including its equipment and workers)-and look at its characteristics from the perspective of the biological organism.
1. Is an industrial organism capable of independent activity? Factories (and their "neural networks," known as employees) clearly undertake many essentially independent activities on their own behalf: acquisition of resources, transformation of resources, and so forth.
2. Do industrial organisms use energy and materials resources? Industrial organisms expend energy for the purpose of keeping themselves out of equilibrium with their surroundings, transforming materials of various kinds into new forms suitable for use.
3. Do industrial organisms release waste heat and materials residues? Energy is emitted by industrial organisms into the surroundings, as are materials residues (solid waste, liquid waste, gaseous emissions, etc).
4. Are industrial organisms capable of reproduction? An industrial organism is designed and constructed not for the purpose of re-creating itself, but to create a nonorganismic product (such as a pencil). Generally speaking, new industrial organisms (factories) are created by contractors whose job is to produce any of a variety of factories to desired specifications rather than to create replications of existing factories. If reproduction is defined as the generation of essentially exact copies of existing organisms, then industrial organisms do not meet the definition. If substantial modification is allowed for, however, we can recognize that copies or similar organisms are indeed generated. However, industrial organism reproduction is not a function of each individual organism itself, but of specialized external actors. Like organisms in biological systems that utilize incoming streams of energy and materials, so industrial organisms convert incoming energy and materials streams to useful products, generating egesta along the way. For each resource, budgets can be constructed to study the flows involved, and their magnitudes, in ways very similar to BE budgets, as shown in Figure 1b . In this diagram for a manufacturing plant with three process streams, energy inputs from coal, oil, and electricity are followed through each of the processes to give an overall picture of energy use within the facility. A more detailed breakdown of the same information would show the energy consumption of individual pumps, processing machines, and the like, which would enable facilities engineers to identify ways of increasing energy efficiency.
The concept of industrial organisms can be expanded in ways that seem useful, if all the above conditions do not have to be satisfied. Indeed, the definition of a biological organism-"an animal or plant internally organized to maintain vital activities"-seems to require only two conditions: The candidate organism must not be passive (as is a sedimentary rock or a coffee cup), and the organism must make use of resources during its lifetime (as does a flower or a washing machine factory). Thus, organisms can manufacture other organisms (badgers make little badgers, factories make washing machines) and/or nonorganismal products (badgers make fecal pellets, factories make sludge). The key signature of an organism, biological or industrial, is that it is involved in resource utilization after, as well as during, its manufacture.
The Intermingling of Systems
Imagine for yourself the most remote location on the planet, one so far from population centers or shipping routes that it seems free of human impact. Now go to that location, set up your analytical instruments, and take samples of the air and water. You will readily find molecules synthesized only by modern industry, never by nature: the footprints of humanity. Or, go to a location as intensely human as you can imagine, one showing no indications (other than human beings) of "nature": a skyscraper in a major city, an automobile assembly line, a museum of modern art. Observe with an ecologist's eye, or take samples of a few surfaces and examine them with a microscope. You will readily find plants, bacteria, insects, and perhaps small mammals and birds: the footprints of nature.
Thus, strictly speaking, one can today study neither a truly natural, wholly biological ecosystem, nor a truly unnatural, wholly industrial ecosystem. All ecosystems are combinations of the actions of nature and humanity (6), and we might well begin the exploration in this paper with the expectation of discussing not BE or IE, but their combination: Earth system ecology.
COMMUNITY ECOLOGY
Types of Ecosystems
An ecosystem is commonly defined as the ensemble of all the interacting parts of the physical and biological worlds, and ecology is defined as the study of the abundances and interactions of organisms. We have already seen that both biological and industrial organisms exist and that they share many characteristics. Thus, just as the classical biological concept of an organism can be extended to include industrial organisms, so the concept of the biological ecosystem can be extended to include the interactions of humanity embodied as industrial ecosystems.
An instructive way to begin is by thinking of the materials cycles associated with a postulated primitive biological system such as might have existed early in Earth's history. At that time, the potentially usable resources were so large and the amount of life so small that the existence of life forms had essentially no impact on available resources. This process was one in which the flow of material from one stage to the next was essentially independent of any other flows. Schematically, this "Type I" system takes the form of Figure 2a .
As the early life forms multiplied, external constraints on the unlimited sources and sinks of the Type I system began to develop. These constraints led in turn to the development of resource cycling as an alternative to linear materials flows. Feedback and cycling loops for resources were developed because scarcity drove the process of change. In such systems, the flows of material within the proximal domain could have been quite large, but the flows into and out of that domain (i.e. from resources and to waste) eventually were quite small. Schematically, such a Type II system might be expressed as in Figure 2b .
The above discussion of Type I and Type II systems refers to the planet as a whole and regards the ecosystem types as sequential. Individual ecosystems, however, may be of either type in any epoch. A Type I system, known ecologically as an open system, is one in which resource flows into and out of the system are large compared with the flows within it. A Type II system, known as a closed system, is the reverse. Complicating the issue, especially on the small scale, is the fact that an ecosystem can be open with respect to one resource (water, for example) and closed with respect to another (nitrogen, for example).
A Type II system is much more efficient than a Type I system, but on a planetary scale it clearly is not sustainable over the long term because the flows are all in one direction; that is, the system is "running down." To be ultimately sustainable, the global biological ecosystem has evolved over the long term to the point where resources and waste are undefined, because waste to one component of the system represents resources to another. Such a Type III system, in which complete cyclicity has been achieved (except for solar energy), may be pictured as in Figure 2c . As suggested above, recycle loops have, as inherent properties, temporal and spatial scales. The ideal temporal scale for a resource recycle loop in a biological ecosystem is short, for two reasons. First, material viewed by a specific organism as a resource may degrade if left unused for long periods and thus become less useful to that organism. Second, resources not utilized promptly must be retained in some sort of storage facility, which must first be found or constructed, then defended. Still, examples of resource storage in biological systems are relatively common: Squirrels store nuts, birds store seeds, and so forth; the organisms trade off the costs of storage against the benefits to themselves or their offspring.
Analogously, the ideal spatial scale for most resource recycle loops in a biological ecosystem is small. One reason is that procuring resources from far away has a high energy cost. A second is that it is much more difficult to monitor and thus ensure the availability of spatially distant resources. As with temporal scales, counterexamples come readily to mind, such as eagles that hunt over wide areas. However, the eagles would probably prefer to hunt close to home if such a strategy provided adequate resources.
The ideal anthropogenic use of the materials and resources available for industrial processes (broadly defined to include agriculture, the urban infrastructure, etc) would be one similar to the cyclic biological model. Historically, however, human resource use has mimicked the Type I unconstrained resource diagram above (Figure 2a ). Such a mode of operation is essentially unplanned and imposes significant economic costs as a result. IE, in its implementation, is intended to accomplish, through understanding of the interplay of processes and flows, the evolution of manufacturing from Type I to Type II, and perhaps ultimately to Type III, by optimizing as an ensemble all the factors involved.
Temporal and spatial scales are also important. As with biological systems, temporal resource loops should, in general, be short, lest rust or other processes degrade reusable materials. Society's long-term resource storage facilities, termed landfills, cannot be recommended from an ecosystem viewpoint: They are expensive to maintain, and they mix materials, which makes their recovery and reuse difficult. The ideal spatial scale in an industrial ecosystem also mimics its biological analog: Small is best, again because of the energy requirements of long-range resource procurement and the uncertainty of supply continuity in a world where political issues as well as resource stocks may provide constraints. However, industrial ecosystems can view resources on a global basis (whereas biological systems generally cannot) and can acquire resources on very large spatial scales if the combination of resource attributes and resource cost is satisfactory. Figure 3 The biological food chain. The cycle begins with primary producers, who use energy and materials to generate resources usable to higher trophic levels. The number of consumer trophic levels varies in different ecosystems, and it is in some degree a matter of definition: The final consumer stage is that of the top predator or ultimate consumer. Decomposers return materials to the primary producers, thus completing the cycle. At the bottom of each box is an example of an organism in an aquatic ecosystem that plays the trophic level role. Types of resources are indicated along the flow arrows. The widths of the arrows are very rough indications of typical relative quantities of materials flow.
Food Web Structure
Ecosystems are properly termed "systems" in part because energy and materials flow between and among trophic levels. The first of the traditional trophic levels in BE is that of the primary producers, who utilize energy and basic nutrients to produce materials usable at the next higher trophic level. In BE, the primary producers are the plants, whose products are seeds, leaves, and the like. The next several BE trophic levels consist of herbivores, the plant eaters, carnivores, and detritus decomposers, who receive residues from any of the other trophic levels and regenerate from those residues materials that can again flow to the primary producers.
A simplified marine biological food chain is shown in Figure 3 . In addition to the dominant trophic-level actors, the extractor is included, because minerals obtained from inorganic reservoirs are essential to life. Note that the food chain is not completely sequential: Decomposers receive egesta from several trophic levels, for example. Bacteria act as both extractors and decomposers, receiving carbon in one activity, minerals in the other. Omnivory is common in nature, but it complicates the food chain diagram without adding conceptual insight, so it is not incorporated into the figure.
Similarly, the simplified industrial food chain is pictured in Figure 4 , again neglecting omnivory. It appears that the biological trophic levels and the industrial trophic levels can be described with essentially the same terminology. What is most interesting when comparing the two diagrams is perhaps not the similarities, however, but the differences:
1. The IE food chain labels the BE decomposer as the recycler. Unlike the biological decomposer, who furnishes reusable materials to primary producers, recyclers can often return resources one trophic level higher, to primary consumers. In practice, of course, the system is seldom this prescribed; many recyclers send intermediate materials to the same smelters used for primary production and are thus more like biological decomposers.
2. The IE food chain has an additional actor, the disassembler. The disassembler's goal is to retain resources at high trophic levels, passing as little as possible on to the recycler.
3. Little in the way of resources is lost in the overall biological food chain, but much is lost in the industrial food chain. As a consequence, the industrial ecosystem must extract a substantial portion of its resources from outside the system, the biological ecosystem only a small amount.
A bit of reflection on these diagrams points up some of the other distinctions between biological and industrial ecosystems: Figure 4 The industrial food chain, drawn by analogy with the biological food chain of Figure 3 . Examples of organisms that play specific trophic-level roles for the example of the use of copper in personal computers appear at the bottom of each box. As in Figure 3, 2. Response to increased need for resources. Suppose a species in an intermediate trophic level finds conditions favorable for multiplication (due to a lack of competition, for example), provided suitable nutrients are available. In the IE case, increased activity on the part of extractors and primary producers can generally supply needed materials, perhaps with lag times of days to a few years. (The study of the economics of these processes is termed inputoutput analysis; e.g. see 7.) In the BE case, little systemic capacity exists for substantially increasing the flow of nutrients, and the likely result is that mean individual growth and/or population increase does not take place, or does so at the expense of another species at the same trophic level.
3. Degree of initiative. Biological organisms are expert at working within the environment in which they find themselves. In contrast, industrial organisms strive to define the environment for themselves. BE systems are responders, IE systems are initiators.
The concept of the ecosystem can be generalized by drawing on the trophic level discussions. Strictly speaking, only the initial user of materials from an extractor is an unambiguous primary producer, but organisms from many trophic levels are consumers, and many organisms operate at multiple trophic levels. In biological systems, for example, trees use nutrients to produce nuts, which are eaten by squirrels, and the nut resources are (among other things) used to produce baby squirrels. Some of those babies become food for foraging mammals and birds. The squirrel is thus both prey and predator, secondary producer and consumer. A similar situation exists in industry, where a factory acting as a consumer may receive disk drives, housings, and keyboards as a consumer and assemble computers as a secondary producer.
Biological Food Webs
Food chains imply a linear flow of resources from one trophic level to the next, as in Figure 5a . In such a construct, the interspecies interactions are straightforward. No resource flow systems in BE follow this simple structure, however; they resemble much more the web structure of Figure 5b . Here species at one trophic level prey upon several species at the next lower level, and omnivory is common (8) , as in Figure 5c . Finally, a fully expressed food web can exhibit all the various features: multiple trophic levels, predation, and omnivory ( Figure 5d ). Food web analysis has two important goals: to study the flows of resources in ecosystems and to analyze ecosystems for dynamic interactions (9). Consequently, constructing the food web diagram is a prelude to developing the source and sink budget for the resource of interest. In concept, organisms are identified, their trophic levels assigned, and their interactions specified. The food web is then diagrammed, and resource flows and stabilities are analyzed.
In BE, many (but certainly not all) food webs have large numbers of primary producers, fewer consumers, and very few top predators, giving a web of the form in Figure 5b . Omnivores may be scarce in these systems, whereas decomposers are abundant. Food web models (e.g. 10, 11) have provided a potential basis for fruitful analyses of resource flows in both BE and IE. Difficulties arise, however, when one wishes to quantify the resource flows and subject the web structure and stability properties to mathematical analysis. Many of the needed data turn out to be difficult to determine with certainty. In addition, I mentioned above that organisms often appear to function at more than one trophic level. This characteristic is not a particular problem for resource flow studies, but it seriously complicates stability analysis. The contention that more complex communities are more stable-because disruptions to particular species or flow paths merely shunt energy and resources through other paths rather than putting a roadblock on the entire energy or resource flow (12)-remains a hotly debated topic (4) .
Food web studies in BE are often centered around the question, "Given a perturbation of a certain type and size, how will the ecosystem respond?" The perturbation may be an infestation, the loss of a routine food source, or a severe climatic event. One view is that an ecosystem with intermediate frequencies and intensities of disturbance may be the most stable (13), a view that seems in harmony with what we know of industrial ecosystems as well.
Industrial Food Webs
Industrial food webs have been made possible in large part by efficient transportation systems that move resources from where they are found to where they are needed. A closer approach to the biological ecosystem can occur when nearby industrial facilities share residual products or residual energy. Such an approach is encouraged by geographical proximity. These cooperative operations involve establishing close relationships with suppliers, customers, and neighboring industries, and working with those partners to close materials cycles. An outstanding example of the partnership approach exists in Kalundborg, Denmark, where 20 years of effort have culminated in the interactive network shown in Figure 6a . Four main participants are involved: the Asnaes Power Company, a Novo Nordisk pharmaceutical plant, a Gyproc facility for producing wallboard, and a Statoil refinery. Steam, gas, cooling water, and gypsum are exchanged among the participants, and some heat also is used for fish farming and community and greenhouse heating. The residual products such as sulfur, fly ash, and sludge, not usable in the immediate vicinity, are sold for use elsewhere in sulfuric acid plants, cement plants, and farming operations, thus creating a sort of "virtual ecosystem." None of the arrangements was required by law; rather, all were negotiated independently to get better materials prices or to avoid materials disposal costs. This cooperative project can probably be accurately called an industrial ecosystem.
In Figure 6b , the Kalundborg complex is cast as an ecologist would draw a food web diagram. The difference between the form of the BE and IE webs is made obvious by comparison of Figures 5 and 6b : the BE web structure tends to resemble an isosceles triangle with the base at the bottom of the diagram, whereas the IE web structure is nearly inverted, with the basal species (or primary producer-the smelter, for example) feeding resources to sequentially greater numbers of primary, secondary, and tertiary consumers. The Kalundborg organisms at the highest trophic level indicated with letter designations are, in practice, all working for a single top predator-the human being-so the typical IE food web structure converges to a single top predator species. In contrast, BE food webs are much more diverse, some being pyramidal like the industrial system, others (e.g. forests with a few tree types supporting hundreds of species of insects and invertebrates) being quite different.
A well-developed industrial ecosystem clearly tends to satisfy MacArthur's theory of stability in the face of perturbation (12) : Resources that are lost for reasons of cost or political unrest can often be bypassed, by the development of alternative materials, for example. More commonly, industrial system perturbation occurs when the top predator (the consumer) chooses to stop feeding on one or more species at a lower trophic level and begin feeding on new species at that level. For example, organisms making slide rules have become extinct, but they (or their successors) have radiated into new niches and are now making pocket calculators and personal computers. Technology has thus introduced new players into the food web, and the old players will never regain their niche. Consequently, unlike many biological ecosystems, an industrial ecosystem tends to be dominated by rapid evolution rather than by resilience.
Interacting Food Webs
IE organisms (factories) do not eat IE organisms at lower trophic levels, they eat products manufactured by those organisms. Many BE organisms do the same: Squirrels eat acorns, birds eat berries, fish eat the roe of other fish. And, since nature's decomposers are supremely indifferent to whether their food is animate or inanimate, the decomposers ultimately consume most detrituslarge and small, biological and industrial-regardless of its origins. In overview, food webs are intuitive constructions for studies of resource flow and dynamics in both BE and IE. Qualitative use of the webs is helpful in picturing the interrelationships of organisms and communities. Quantitative studies are more difficult, often hampered by scarcity of data. It appears, however, that IE, while it has perhaps not cast its analyses in precisely the food web structure, has nonetheless been more successful than BE in finding analytical utility in the food web paradigm.
THE ENGINEERING ACTIVITY IN BIOLOGICAL AND INDUSTRIAL ECOLOGY
Defining Engineers and Engineering
A wide variety of organisms, including humans, purposely alter their habitats. This fact was pointed out by Jones et al (14) , who defined ecosystem engineers as "organisms that directly or indirectly modulate the availability of resources to other species by causing physical state changes in biotic or abiotic materials." They distinguished between autogenic engineers, who change the environment via their own physical structures, and allogenic engineers, who do so by transforming living or nonliving materials from one state to another by mechanical or other means. In two paragraphs, they point out that these biological actions closely parallel human engineering activities, but they do not explore the analogy (or identity?) in detail. I do so here, however, because the comparison strengthens and enriches the study of the BE/IE relationship.
Earlier in this paper, I designated the factory in IE as an industrial organism. We need to be flexible about defining exactly what constitutes a factory. The dictionary terms a factory "a building or set of buildings with facilities for manufacturing," but one is not stretching the definition much to call two or three individuals constructing a cobblestone street, or a construction crew building homes, a mobile factory. I thus define the term industrial organism to mean any social or physical entity devised for the purpose of manufacturing useful products. 
Changing Habitats by Transforming Materials
Jones et al (14) identify six classes of materials transformation by organisms, as diagrammed in Figure 7 and exemplified in Table 1 . They discuss the classification scheme in detail; it is subject to a number of gray areas that need not be of concern here, but its central tenets are most instructive. The first case-the direct provisioning of resources by one species to another, as in an osprey eating a fish-is not ecosystem engineering, because although materials are utilized (i.e. the fish's parts are transformed), no environmental change occurs. The simplest case of true ecosystem engineering (Case 2 in Figure 7 ) occurs when an organism transforms materials into resources useful to other organisms. "Transform" is perhaps too strong a word here; "shape" or "rearrange" might be better, because the process need not involve modifying resource flows. A biological Case 2 example is a bird's nest in the above-water portion of a muskrat lodge, constructed by the muskrat without the slightest thought of providing avian apartments.
In IE, Case 1 activities are also those done to maintain organism function but not to manufacture products for others. Examples include fixing the roof of a factory, or repainting its interior. Examples of Case 2 are much less common today than they once were: Nomadic tribes moved rocks, trees, and brush to provide shelter; Neolithic residents of Britain used tree trunks to make roads 6000 years ago (15) ; and so forth. Even now, in certain parts of the world one 
Altering Resource Flows by Transforming Materials
In Cases 3 and 4, ecosystem engineering results in an alteration in the flows of resources. The Case 3 flow alteration arises from the tissues of the engineer, as in the alteration of solar energy to the upper ocean produced by planktonic absorption of solar radiation. In Case 4, the flow alteration is a consequence of the transformation of environmental materials. Case 4 is perhaps the easiest of all ecosystem engineering classifications to appreciate; it is exemplified by the beaver building a dam that results in changes in streamflow, nutrient transport, and wetlands habitat. Case 4 is, of course, exactly the historical concept of industrial engineering. A manufacturer consumes plastic and metal and produces a portable radio, for example, and during its life the radio uses an occasional battery made by another supplier. Or, an automobile plant builds a sedan from metal, glass, plastic, and rubber, and the sedan goes on to consume gasoline, oil, antifreeze, and various replacement parts.
As with BE, Case 3 examples are less easy than those of Case 4 to identify in IE, but are nonetheless present. A common example is the alteration by buildings and their associated infrastructure of roads and parking lots of the water budget of an urban area. Most urban areas were originally settled because they possessed abundant natural water supplies. After construction of the modern city is accomplished, water must generally be transported to the city from outside sources, often quite remote ones.
Modulating Major Abiotic Forces by Transforming Materials
Engineering cases 5 and 6 are those in which the transformation of materials results in the modulation not of resource flows, but of one or more major abiotic forces of nature. Jones et al (14) had in mind such natural but spatially restricted processes as hurricanes and tornadoes. Their example of Case 5 engineering is mussels that form matted colonies on the seabed, minimizing the sediment disruption that often results from roiled waters caused by hurricanes. In much the same way, a Case 6 example is that of clams that secrete cement to anchor themselves to rocks and subsequently to each other, again resulting in stabilization of the ocean substrate.
Industrial engineering activities appropriate for designation as Class 6 can also be readily identified. A sea wall, for example, is a classic Case 6 example, designed to minimize beach erosion and structural damage from high waves; contour plowing to minimize soil erosion is another example. If we include climate as a major abiotic force, the widely recognized urban heat island (16) (the increase in regional temperature produced by the combination of radiation absorption, power consumption, and heat dissipation in urban areas, with regional increases also in cloudiness and precipitation) is clearly an example of Case 5 industrial engineering.
Case 5 and Case 6 engineering for both BE and IE activities influences major abiotic forces on a global scale as well. The classic BE Case 5 is the influence of vegetation on the planetary radiation budget. The presence or absence of radiation is a major influence on the planetary albedo, and the carbon dioxide/oxygen photosynthesis and respiration cycle establishes the natural greenhouse that maintains the temperature of Earth above the freezing point of water. The widely discussed Gaia theory of Lovelock and collaborators (17, 18) arises from the fact that vegetation alters, in a passive way, the CO 2 /O 2 ratio in the atmosphere so that it is optimal for plant growth and sustainability.
Case 6 ecological engineering is applicable to another widely discussed and still contentious proposal: that gaseous emissions of dimethyl sulfide from oceanic phytoplankton control the rate of cloud formation, thus of solar radiation to the surface ocean, thus of ocean temperature, thus (because CO 2 loss to the ocean is a function of temperature) of global climate (19) . Extensive field measurement programs to investigate the accuracy of these predictions are under way.
Case 6 examples of industrial engineering are also easy to point out. One that is clearly established is the Antarctic ozone hole and the correlated decrease in midlatitude stratospheric ozone as a consequence of the emission of chlorofluorocarbon propellants, foams, and refrigerants (20) . Not yet firmly established, but thought overwhelmingly to be highly likely, is enhanced global warming from anthropogenically produced carbon dioxide and methane (21) . Recent studies of trends in temperature, precipitation, and other climate parameters (22) suggest that global warming has actually been detected.
LIFE-CYCLE ASSESSMENT
Assessment Tools
Just as BE concepts such as food web structure can be brought to bear on IE systems, so IE concepts can be considered for application to BE. As a younger specialty, IE has not had the time to generate a very wide or well-developed tool kit. One tool in this limited kit seems potentially useful, however: life-cycle assessment (LCA) (27, 28) .
The essence of LCA is the evaluation of the relevant environmental, economic, and technological implications of a material, process, or product across its life span from creation to waste or, preferably, to re-creation in the same or another useful form. The Society of Environmental Toxicology and Chemistry (29) defines the LCA process as follows:
The life-cycle assessment is an objective process to evaluate the environmental burdens associated with a product, process, or activity by identifying and quantifying energy and material usage and environmental releases, to assess the impact of those energy and material uses and releases on the environment, and to evaluate and implement opportunities to effect environmental improvements. The assessment includes the entire life cycle of the product, process or activity, encompassing extracting and processing raw materials; manufacturing, transportation, and distribution; use/re-use/maintenance; recycling; and final disposal.
Such an analysis is a large and complex effort, and it has many variations. Nonetheless, preliminary agreement exists on the formal structure of LCA, which contains three stages: inventory analysis, impact analysis, and improvement analysis. First, the scope of the LCA is defined. An inventory analysis is then performed, measuring the quantities of materials and energy consumed or released at each life stage. In impact analysis, these resource flows are then used to determine the resulting effects on the environment, again at each life stage. The result is an Environmentally Responsible Product rating (R ERP ). This rating guides an analysis of potential improvements (which may feed back to influence the inventory analysis). Finally, the improved product is released for manufacture.
Full LCAs tend to be time-consuming, expensive, and, all too often, inconclusive. As a result, various streamlined LCA techniques have been developed (30) . The streamlined assessment system used here has as its central feature a five times five assessment matrix, the Environmentally Responsible Product Assessment Matrix, one dimension of which is life-cycle stage and the other environmental concern. The Design for Environment (DFE) assessor studies the product design, manufacture, packaging, in-use environment, and likely disposal scenario and assigns to each element of the matrix an integer rating from 0 (highest impact, a very negative evaluation) to 4 (lowest impact, an exemplary evaluation). In essence, what the assessor is doing is providing a figure of merit to represent the estimated result of the more formal LCA inventory analysis and impact analysis stages. She or he is guided in this task by experience, a design and manufacturing survey, appropriate checklists, and other information (31) . Once an evaluation has been made for each matrix element, the overall Environmentally Responsible Product Rating is computed as the sum of the matrix element values:
Because there are 25 matrix elements, the maximum product rating is 100. The formalism for the application of the approach to residences and other buildings has been described by Graedel & Allenby (32) . The process is purposely semiquantitative and utilitarian.
Life-Cycle Assessments for Biological and Industrial Systems
LCA is generally applied to industrial products, not to the factories in which the products are made. Hence, in BE one would expect LCA to apply not to organisms but to the products organisms make, as discussed above. To assess the utility of LCA for biological systems, I have conducted analyses on two residences: a large human house in an urban suburb, and a beaver dam. Generally, beaver dams are constructed by cutting trees and brush and using them to dam a stream. The result is a home for the beavers and a complete change in the proximate environment. Entrapment and decay of organic matter, in part under anaerobic conditions, result in significant emissions of methane and carbon dioxide. Maintenance of the dam structure involves the occasional addition of small trees or brush. Beaver dams eventually decay when abandoned, but it may be decades before the pre-dam environment is restored.
The human house is also constructed of wood, but it is made of many other materials as well: concrete, plastic, glass, etc. As with the beaver dam, the construction severely disrupts the environment of the site on which the house is built. When occupied, significant flows of energy, water, and materials are needed to maintain the house as a residence, and fertilizer and herbicide use is common. If a house is abandoned, it decays much more slowly than beaver dams, and some materials foreign to nature, such as many plastics, do not undergo significant decay at all.
Space does not permit the details of the streamlined LCA to be discussed matrix element by matrix element, but the completed matrices for the residences constructed by biological and industrial engineering are illustrated in Tables 2  and 3 .
Examine first the values for each life stage of the human residence. The column at the far right of the table, the overall life stage assessment, shows only moderate environmental stewardship during all life stages. The last row of the table assesses the degree to which each environmental concern is impacted, the most severe impacts being on energy use and solid residue production. High energy use levels are present throughout the life stages, whereas solid residue production is particularly profligate at the end of life of the residence, when few of the materials can be returned to use. The overall rating of 45 for the human residence is far below what might be desired.
In contrast, the overall rating for the beaver dam is 84, much better than that for the human residence. This high score reflects the fact that, once built, the GRAEDEL beaver dam uses essentially no energy and produces negligible residues. The principal impacts are the habitat alteration produced by the beaver dam and the generation of greenhouse gases by decaying organic matter in the beaver impoundment (33) . This latter impact, characterized by global scale and a centuries-long time duration, is likely to be overlooked by ecologists assessing the ecological impacts of beaver dams by traditional methods, but the life cycle focus of the IE assessment assures that environmental concerns beyond the immediate proximity of the dam, as well as in the immediate vicinity, receive attention and evaluation. 
EXAMPLE STUDIES IN EARTH SYSTEM ECOLOGY
Perturbations of Ecosystem Budgets
In the past few years, the Earth science literature has included many examples of budgets and cycles for elements, molecules, energy, and so forth. The intuitive approach to budgeting in many of these papers is that (a) there is a "natural" budget, (b) the natural budget appears to have been perturbed by human activity, (c) constructing the budget will help define the scope and nature of the perturbation, and (d) (implied) the result may convince humans to refrain from whatever they are doing and let the budget return to its "natural state." This approach (at least the first three steps) works fairly well when the spatial scale is large and the anthropogenic perturbations are small to modest, as in an annual nitrogen budget for a forest ecosystem (34) . The approach is less successful when the anthropogenic perturbations are major. Examples include the emissions of sulfur to the atmosphere, 35% of which are caused by human activity (35) , the anthropogenic appropriation of some 40% of total net primary productivity (36) , or the anthropogenic control of large mineral flows on the planet (37) . The approach seems to fail completely for budget studies of basically anthropogenic ecosystems, such as the balance of nutrients in agricultural lands (38) , or the flows of cadmium in the Rhine River Basin (39) . Regardless of the inherent morality or immorality of the human actions leading to perturbations of budgets historically controlled by nonhuman factors, most contemporary budgets contain significant human and nonhuman components. Therefore, ignoring artificial distinctions between biological and anthropogenic terms and proceeding to construct budgets for the Earth system, a system that contains diverse influences, seems apposite. Especially as one views budgets in an historical perspective, with concepts of sustainability in mind, it obviously make sense to view humans and their activities as integral elements of the Earth system to be accommodated in some fashion, just as we attempt to do with Pacific salmon and African elephants.
A clear example of the ebb and flow of the influences of nature and human action on the Earth system is the abundance of methane, a greenhouse gas, in the atmosphere (21) . A number of human activities are known to emit methane, including the mining of coal and natural gas and the growing of rice. The human influence is obvious in ice core data, which extend back in time many thousands of years. From a relatively stable concentration of about 700 parts per billion by volume (ppbv), the concentration has doubled since the start of the Industrial Revolution. The longer historical record, reflecting nature's actions long before any significant human intervention, shows irregular changes in the atmospheric methane concentration between about 300 and 700 ppbv.
The causes of natural methane changes are not certain, but are thought to be related to fluctuations in global climate and the associated hypsometic changes resulting in the creation and loss of methane-producing wetlands. For this Earth system budget, BE and IE have each historically had periods of dominance, and tracing the interplay of that dominance is a classic exercise in Earth system ecology. Indeed, if we look forward a few centuries, when mining activities may well involve the capture of methane, when global food provisioning may have further changed fluxes from ruminants and rice, and when recycling may decrease fluxes of methane from landfills, the planet may once again enter an era in which its atmospheric methane concentration is largely controlled by biological, not industrial, factors.
Earth System Ecology Scenarios
Theoretical studies of the Earth system of the near and distant future invariably have strong human and nonhuman components. Perhaps the textbook example is the climate scenario studies of the Intergovernmental Panel on Climate Change (IPCC) (21) . Choosing a variety of economic and technological development scenarios, the IPCC predicted atmospheric concentrations of greenhouse gases, especially H 2 O and CO 2 , and from those the regional and global temperature changes and sea level increases anticipated for various times over the next century. Similar studies have examined other aspects of climate change, such as Meehl and Washington's (40) prediction of increasing monsoon variability with time. These are cases of natural systems being moderately perturbed by anthropogenic activity.
Given the climates of the future, one can go on to predict the biological ecosystem changes that will result. Some studies of this sort have been regional, as was a prediction of the ranges of eastern North American hardwoods for the next few centuries (41) . Others have been global, such as the future net primary productivity studies of Melillo et al (42) . These studies take the results of a perturbation and apply it to biological systems; just as climate is "naturedriven," one might term these vegetation changes "human-driven."
An extreme example of Earth system intervention is proposals for what is termed global environmental engineering (43) , that is, the gross human manipulation of the environment in an effort to mitigate human-caused perturbations. The proposals have included the release of a reactive hydrocarbon into urban air to reduce smog, the dispersal of ethane 20 km above Antarctica to react with chlorine and reduce the ozone hole, and the injection of sulfur into the global atmosphere to form aerosol particles and counter global warming. All of these proposals inherently assume the Earth system to be well enough understood that surprises will not occur. Some of the details of these proposals, and arguments against proceeding with any of them, are discussed by Graedel & Crutzen (20) .
CONCLUSIONS
Throughout this paper I have explored facets of the biological ecosystem and its organisms that seem likely to provide insight into the industrial ecosystem. Conceptualizing human social systems (including industrial systems) from an organismic point of view is far from new: Archer (44) points out that such approaches are at least a century old. He cites as a prime example the French geographer Paul Vidal de la Blache, who defined living organisms as "wholes constituted by parts which have unified themselves as a result of entering into relations of interdependence." Some image like that is clearly the focus of this paper. The distinction between previous organicist thinking and the evolving IE approach is that the former concentrated on behavior and social structure whereas the latter focuses especially on physical and chemical parameters: resource flows, energy budgets, trophic levels, and the like. Nonetheless, in a discipline that contains both technology and social interactions, both types of organicist thinking have the potential to inform the perspective that emerges.
Attempts to view industrial activity with the images and tools of BE are hampered to some degree by BE's being basically an empirical specialty in which systems are complex, data sparse, and perspectives frequently confounded, and by IE's being too early in the process of systemic development for much information to be available. Nonetheless, parallels between BE and IE in several areas not only exist but seem natural rather than contrived. For example, organisms and ecosystems can be readily identified in both BE and IE, and some organisms function as engineers in each system. Several analytic approaches and tools of BE may well be useful in advancing the much younger IE (food web analysis is an example). Conversely, IE has tools of its own, despite its youth, and some of them may play useful roles in BE systems (life cycle analysis is an example).
Notwithstanding these encouraging findings, the analogy between biology and industry is far from perfect, although this seeming defect may in part reflect merely different degrees of system maturity. In an initial look at IE from a biological standpoint, Allenby & Cooper (2) point out that biological ecosystems at different evolutionary stages exhibit different characteristics. In particular, communities developing where resources are abundant do not tend to have closed cycling of resources, and these conditions favor short-lived organisms that allocate most of their resources to reproduction. In more mature communities, nutrient cycles tend to be closed, and organism "quality" is more important than numbers. Allenby and Cooper propose that most industrial systems resemble a biological ecosystem in its growth phase, and they explore how to move the industrial ecosystem expeditiously to a more mature state. A key suggestion is that more attention be paid to IE's recyclers, often the missing Figure 8 Examples of Earth system habitats. Purely biological habitats are at one extreme of the mixed habitat scale, purely industrial habitats at the other. Although both extremes are approached in some locales, they cannot be reached, since no Earth system habitat is completely without industrial and biological influences.
or ineffectual link in industrial resource cycling. A second suggestion is that the increasing global per capita consumption of materials is unsustainable and "nonbiological." Finally, they point out that sustainable natural systems do not manifest clusters of materials and energy. (It has been said that the easiest way to make a species extinct is to assemble all its organisms in one place.) Perhaps the most sustainable industrial ecosystem is one widely dispersed on the planet, with modest and cyclic materials and energy flows.
One purpose of this paper has been to encourage biological ecologists to think about industrial ecosystems and industrial ecologists to think about biological ones, so similarities, rather than differences, between the two fields have been emphasized. Some obvious differences should be mentioned, however. One is that the human technological society creates its own ecosystem almost completely, barring hurricanes or volcanic eruptions in the immediate locale, whereas biological ecosystem engineers tend to have considerably less dominance. A second difference is that some behavior patterns in the industrial ecosystem, such as maximizing short-term profits, encourage materials and energy use well in excess of the direct biological needs of humans, as well as waste material disposal beyond the assimilative capacities of the receiving ecosystems. Whether the qualitatively different social systems inhibit the cross-fertilization of specialties or help to enlighten them remains to be seen.
The simplest way to express the central message of this paper is shown in Figure 8 , in which a few example habitats are displayed on a "mixed habitat scale." Clearly, some habitats on Earth are almost entirely biological. Just as clear is the fact that some habitats on Earth are almost entirely industrial (in the sense of industrial that indicates dictation by the summed activities of humanity). The study of ecology on Earth should no longer be the study of one or the other extreme, with the impacts of the other ecological realm regarded as annoying interference. Rather, ecology should embrace the full range of mixed biological-industrial habitats and interactions, for on our planet today we have no other kind.
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